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Circinus X-1 is a Neutron-Star X-ray Binary System which features strong and 
variable radio emission. This emission is triggered as a result of the interaction 
between neutron star and its companion as they approach periastron. Radio 
observations of Circinus X-1 have not been carried out over the past 7 years. Here are 
the results of the radio observation and monitoring campaign on Circinus X-1 with the 
Australia Telescope Compact Array (ATCA) – Australia, at centimeter wavelengths 
(5.5 and 9 GHz). The radio behavior of Circinus X-1 has been monitored over two of 
its orbits (16.6 days each) to probe its current radio brightness as a function of its orbit.  
An investigation on whether there is any correlation between the observed radio 
emission and the estimated accretion rates, and what difference do the orbital phases 
make in terms of the system’s observed behavior has been made.  
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Title and Abstract (in Arabic) 
إشارات و : Circinus X-1ي نجم النيوتروني في النظام الثنائمعاينة موجات الراديو لل
 ن التدفقات الماديةأدلة عن بدء انبعاثات الراديو و تكو  
 ص الملخ
هو نظام نجمي ثنائي باألشعة السينية ذو النجم النيوتروني ويتميز بانبعاثات  Circinus X-1النظام 
راديوية قوية. يتم إطالق هذه االنبعاثات نتيجة لتفاعل النجم النيوتروني بالنجم المرافق له عندما 
ع خالل السب Circinus X-1يقتربون من اقرب نقطه بينهما. لم تتم معاينة موجات الراديو التابعة لـ 
باستخدام مصفوفة التلسكوبات  Circinus X-1سنوات الماضية. هنا، نقدم نتائج حملة المراقبة على 
. لقد راقبنا سلوك GHz 9و  5.5( لمعاينة موجات الراديو ذات التردد ATCAالمدمجة األسترالية )
ق من نشاطه يوًما لكل منهما( للتحق  16.6على طول اثنين من مداراته )  Circinus X-1لراديو لـ ا
التدفقات المادية هي المسؤولة عن  الحالي خالله. تحققنا فيما إذا كانت االختالفات في معدالت 
 انبعاث الراديو، وكيفية تأثير موقع النجم في مرحلته المدارية على النظام. 
 
الرئيسية  البحث  باألشعة  :مفاهيم  ثنائي  نجمي  الراديو  السينية،  نظام  التدفقات   ،معاينة موجات 
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Chapter 1: Introduction 
1.1 Binary Systems 
It is thought that at least half of the stars in this universe are a part of multiple 
systems. That means that most of the stars in this universe are actually part of a system 
with two or more stars, that revolve around their centre of mass [1]. When the system 
consists of two stars revolving around their common center of mass, it is called a binary 
system [2]. 
In some cases, one of the stars in the binary system is vastly more luminous 
than the other. This may cause it to outshine the other star, and makes it impossible to 
be detected directly. However, by observing the oscillation motion of the visible star, 
the unseen one can be detected [1]. Figure 1 shows an illustration of the orbital motion 
that stars in a binary system follows in relation to their center of mass [3]. 
 
Figure 1: An illustration of the motion of stars in a binary system [3] 
Binary systems can contain any kind of stars including stars that are no longer 
active like black holes. This makes them play a major role in Astronomy, as they are 
considered extremely useful Astrophysics laboratories to test theories and predictions 






them, the fundamental Astrophysics quantities like stellar masses and radii can be 
found. Clues on their nature, behaviour and the underlying astrophysical processes can 
be obtained. Moreover, they provide observational signatures to test stellar evolution 
theory [5] and extreme physical conditions, for example, near a black hole or a neutron 
star. 
1.2 Elements of Binary systems 
1.2.1 Roche Lobe  
When stars in a binary system have radii much smaller than the separation 
between them, then they are called detached binary. In a detached binary system, the 
two stars go on to developed and evolve separately from one another [1].  
 
Figure 2: Roche lobs illustration for two stars with different masses. M1 contour 






On the other hand, if one of the stars happen to fill the figure-eight contour, 
known as Roche lobe, then the stars are no longer considered detached. Figure 2 shows 
the Roche lobes, which are tear shape regions in space found around stars in binary 
systems, in which the orbiting material in that space is gravitationally bound to said 
star [6]. 
1.2.2 Accretion Disc 
When at least one of the stars in a binary system expand beyond its Roche lobe, 
the atmospheric gasses and mass can escape from one star to its companion and a 
transfer of mass can occur between them. When only one star fills its Roche lobe, then 
that system is called semidetached binary. In that case, the star that fills its Roche lobe 
is the one that losses its mass, and it is called the secondary star while its companion 
is the one that gain said mass and is referred to as the primary star [1].  
In some cases of semidetached binary systems, the orbital motion of the stars 
can prevent the mass that is escaping from the secondary star to be falling directly onto 
the primary star. This case may occur when the primary star’s radius covers less than 
5% of the distance that is separating the two stars. As a result, the mass miss hitting 
the primary star’s surface, and instead it is flouting around the primary star in a disc 









Figure 3: An artist rendition of the accretion disk found in a binary star system [7] 
1.2.3 Jets  
In Astronomy, jets are high-speed ejection of gas or dust that can be observed 
in different astronomical objects including binary systems [8]. Figure 4 shows an 
illustration of a system with a jet. 
 
Figure 4: An artist concept of a binary system with accretion disk and jet coming out 






For Jets to form, it is very likely that it requires an accretion disc to be present. 
It has been observed that those jet velocities are around the order of the escape velocity, 
coming from said central objects. This leads to an inference that most of the jets 
outflow likely originate at the accretion disc center [10].   
1.3 X-ray Binaries  
There are many types of binary systems. One of the important classes for those 
interacting binaries is called X-ray binary. Their naming comes from the fact that these 
systems are considered to be a powerful X-ray sources. They consist of two stars: one 
of which is still evolving, while the other is either a neutron star or on rare occasions 
a black hole [11].  
Neutron stars are what is left behind after a massive star collapse, with mass 
maximum limit of the original star being at around 25 solar masses (M☉). Neutron 
stars support themselves by neutron degeneracy pressure [12]. On the other hand, a 
black hole is found after a star that is super massive (greater than 25 M☉) goes through 
a supernova. The star in that case cannot support itself with even neutron degeneracy, 
and collapse on itself instead, forming a black hole [13].  
In x-ray binary systems, the X-ray is thought to come from the accretion disc 
that that is falling onto the degenerate primary star, from its nondegenerate secondary 
companion [11]. Circinus X-1 is an X-ray binary system with a neutron star, that have 






1.4 Circinus X-1 
Circinus X-1 is an X-ray binary system with a neutron star and a less evolved 
companion star [14]. Some classify that companion star as a subgiant with a mass 
between 3 and 5 solar masses M☉, while others believe it to be a supergiant star of 
mass up to 10 M☉. Till this day, its classification remain under debate [15]. 
Circinus X-1 is a bright X-ray source with an orbit period of 16.6 days, with 
periodic X-ray and radio flares [16]. Historically, Circinus X-1 is considered to be one 
of the brightest X-ray sources in the sky [17]. When it was first discovered in 1971, it 
was classified as a black hole candidate due to that bright X-ray spectra. However, it 
was later indicated as neutron star due to the discovery of its type I X-ray burst, which 
is connected to neutron stars [15]. Circinus X-1 was also found out to be a source 
associated with strong and variable radio emission.  
Circinus X-1 distance has always been a topic of debate. Recently, a better 
approximation for that distance been found to be around 9.4 −1.0
+0.8 𝑘𝑝𝑐 [18]. While 
studying the morphology of the supernova remnant around the system, it was found 
that Circinus X-1 is a very young system, contrary to what it was believed earlier. The 
study found it to be the youngest known x-ray binary yet to be found [17]. After taking 
the latest correction to the system distance into account, the systems age comes to be 














One of the factors that make Circinus x-1 a very interesting system to study is 
the fact that it’s ever evolving over time. A strong radio flaring reaching Jansky level 
intensity was detected from the source in the 1970s. This peak level later declined over 
time. With 12 years semiregular observations of the source, starting from 1994, the 
source showed flares that were not that strong [16]. However, at round 2006, the source 
began to brighten again in the radio band, with strong flares being detected in 2010 
[15], showing that the source returned to its strong radio flare state observed in the 70s 
[16]. Figure 5 shows its variation in flare brightens over time [16]. 
 
 
Figure 6: The jet of Circinus x-1 [19] 
In addition to that, Circinus X-1 is one of the few X-ray binary systems, with 
a neutron star, that has a jet that is resolved in radio with very high resolution 






Chapter 2: Circinus X-1 Campaign 
2.1 Research Design 
Circinus X-1, or Cir X-1 for short, is an excellent laboratory for relativistic jet 
astrophysics and accretion physics in the southern hemisphere. It is among one of the 
brightest X-ray binaries located near the galactic plane which has been extensively 
monitored over more than 40 years, with several space and ground-based 
observatories. However, it is considered an unusual X-ray binary system that has 
shown some unexpected behaviors, which made it difficult to classify. Recently, it has 
been found out to be the youngest known galactic X-ray binary [17], with a twisted 
jets and morphology that suggests it may be precessing over a 5 year period [20].  
Cir X-1 radio emission intensifies near the periastron (the point in which the stars are 
closest to one another). This suggests the possibility of an increases in the accretion 
rates at that orbital phase. However, Armstrong et al. suggested the contrary in which 
that a declination in the accretion rate enhanced the power of jets which led to the 
observed radio re-brightening during 2010-12 [16]. 
To investigate that, a thorough study of processes associated with the X-ray 
binary system, Cir X-1, is required. To get information regarding its relativistic jet 
formation, accretion physics and disk/jet coupling, a continuous observation and 
monitoring along with its entire orbital period is necessary. The goal is to analysis the 
system’s behavior as a function of orbital phase and to differentiate between a flaring 
state and quiescent state to get some clues on whether it’s the variations in the accretion 
rate is what switch the flaring on or off, or is it Doppler boosting of the jets due to 






2.2 Objective  
The objective of this research is to observe the behavior of Cir X-1 as a function 
of time and orbital phase. The aim is to investigate whether the variations in the 
accretion rate has a correlation with the observed radio emission at the periastron. With 
the aim to investigate if the decline in the accretion rate is actually what enhanced the 
power of the relativistic jet or not. It is an attempt to better understand the relativistic 
jets related to Circinus X‐1 and to shed some light on the unusual behavior this X-ray 
binary has. Overall, the aim is to try and build a more complete picture of Circinus 
X 1.  
2.3 Observation Campaign 
A high time-resolution observation campaign on Cir X-1 system at the radio 
frequencies may provide some insight on its unusual behavior. To achieve that, a plan 
to observe and monitor Cir X-1 over two of its orbits has been made, with the aim of 
observing the system at two of its periastron passages. That is to see if there is an 
intensified radio emission when the system is closest to one another. 
 






To run a comprehensive radio campaign on this source, Australia Telescope 
Compact Array (ATCA), shown in Figure 7, came to mind, since the source is 
exclusively visible in the southern hemisphere, ATCA was the chosen interferometer 
due its location and capabilities. With its sensitivity and enhanced imaging 
capabilities, ATCA is very well suited to monitor the activity of Cir X-1 and to probe 
the environment around it and study the associated astrophysical processes it exhibits. 
For that, a request has been made for a one-hour interleaved sessions over a 
period of 33.2 days (two Cir X-1 orbits) with the ATCA at the frequencies of 5 and 9 
GHz, with a total time request of 24 hours. With the goal of a more thorough 
observation over the first orbit.  
2.4 Expectations 
This observational campaign attempts to determine whether the variation in the 
accretion rate has a correlation with the radio brightening rather than the Doppler 
effect. Moreover, it is an attempt to see if it would be possible to detect and image the 
relativistic jets in the system with the ATCA resolution. With this research, the goal is 









Chapter 3: Observations and Data Reduction 
3.1 Training  
For the observations, a trip was made to the site of observations, the Paul Wild 
Observatory in Narrabri – Australia, where all radio transmitting signals were 
prohibited. The Observatory was managed by Commonwealth Scientific and Industrial 
Research Organisation (CSIRO) – Australia.  
To prepare for the scheduled observations, training was conducted by the 
Observatory Head of Operations Dr. Jaime Stevens. The tasks that were needed to be 
done in the control room in preparation and during every session, were then managed 
by the researcher, for every scheduled observation. In case any problem arose, a duty 
astronomer was ready to help troubleshoot. 
 The scheduled observations were conducted either on-site in Narrabri or as 
remote observations from the CSIRO Headquarters Marsfield Site in Sydney. Figure 

























Figure 8: The control room. a) Narrabri and b) Marsfield 
3.2 Observations   
The interferometric radio observations at 5.5 and 9 GHz, were conducted with 
ATCA between June 15th and July 18th, 2019. With a total bandwidth of 2048 MHz 
and 24 sessions spanning two flaring cycles of Cir X-1. The 6A array configuration 
(minimum baseline of 337 m, maximum of 5939 m) was used till 26th of June and it 
was switched to the 750C configuration (minimum baseline of 46 m, maximum of 
5020 m) for the rest of the observations. The observational sessions details are shown 







Table 1: The date and time of each observational session and the Modified Julian 
Date (MJD) it represents 
 
For all the observation sessions, the primary flux and bandpass calibrator used 
was PKS 1934-638 while the phase calibrator was PKS 1511-55, except on July 17th, 
2019 where the PKS 1520-58 was used for the phase calibrator since PKS 1511-55 has 
already set. The observation schedule started with a 5-minute observation on the flux 
calibrator, followed by 2 minutes observation of the phase calibrator for every 10-
minute observation of Cir X-1 field. The total observation time on the source was 






3.3 Data Reduction  
All the data processing and calibration was carried out using MIRIAD [22] 
using the standard data reduction sequences. Deconvolution was carried out using the 
task CLEAN. 
3.3.1 Calibration 
To start the data reduction in MIRIAD, the data collected during each 
observation session was loaded using the ATLOD task. Then using the task uvsplit and 
the option nosource, the two frequency data were split from one another. The split was 
followed with the task uvflag to flag any corrupt data or data with less sensitivity. In 
the case radio frequency interference (RFI) was notice during the observations or that 
the uvflag task didn’t remove all the interference, the pgflag task was used to 
automatically flags the corrupted channels. Then, the task uvsplit was used again but 
without the nonsource option, so that the data of each source can be separated (the flux 
and bandpass calibrator, the phase calibrator, and the source). Then the mfcal task was 
used to determine the bandpass shape as a function of frequency for the bandpass 
calibrator, and to determine initial complex gain solution as a function of time. Then 
the task gpcal was used on the flux and bandpass calibrator to find the proper gain 
calibration as a function of time. At this point, the flux and bandpass calibrations on 
1934-638 is complete and its frequency verses amplitude plot can be shown in 







Figure 9: An example plot of the flux amplitude in terms of frequency for the 
bandbass and flux calibrator, 1934-638, after calibration 
Now the task gpcopy was used to copy the calibration solution of the bandbass 
calibrator (1934-638) into the phase calibrator. Then, to calibrate, the task gpcal was 
used on the phase calibrator. It was followed with the task gpboot to reestablish the 
flux scaling on the phase calibrator from the flux calibrator. The calibrated frequency 









Figure 10: The flux amplitude verses frequency on June 28th, 2019 for the phase 
calibrator, 1511-55, after calibration 
Then the task gpcopy is used to copy the calibration solution of the phase 
calibrator into the source (Cir X-1). With that, the calibration is complete.  
3.3.2 Deconvolution and Imaging 
Now, to prepare for deconvolution and imaging, the task gpaver is used on the 
source to average the gain solutions of all its data. Then the uvaver task is used on it 
to apply the calibration solutions to all the data. To start imaging, the invert task is 
used to invert the image into a dirty map and a dirty beam. Then it is followed with the 
clean task to de-convolve the dirty beam and determine what the sky looks like. On 
some cases the task imfit had to be used to specify and contain the beam. Then the 






dirty beam with the model and leaves the image itself. Then the task imfit is used to 
measure the flux density from the image. Finally, the imlist command was used to find 
the statistics and results of the image. An example of the image obtained for one of the 
sessions on Cir X-1 is shown in Figure 11. 











Figure 11: The 9 GHz images of Cir X-1 during the observation session on June 28th, 
2019. a) prior to cleaning the background and b) after cleaning 
Note: It is showing only part of the source since the sessions were not long enough to 















Chapter 4: Analysis and Results 
4.1 Orbital Ephemeris 
To calculate Cir X-1 orbital phase, Nicolson’s ephemeris equation has been 
used [23]. It predicts when the flare occurs and is based on observations done earlier. 
𝑡(𝑁) =   43076.32 MJD +  16.57794 N − 0.0000401 N  2 
Where N is the number of orbits Cir X-1 has been through since the Modified 
Julian Day (MJD) of 43076.32 and t(N) corresponds to the predicted time, in MJD, for 
a flare to occur. 
The flare occurs at an orbital phase of zero for the system, and since Cir X-1 
has and orbital period of around 16.6 days, an addition of half the orbital period to t(N) 
is made to find the corresponding time for the orbital phase of 0.5:  




Where 𝑇0.5 represent the time, in MJD, the orbital phase was 0.5, in a given orbit.  
With the assumption that neutron star and its companion in Cir X-1 follow 
Kepler’s laws of motion, then the neutron star will be orbiting the more massive 
companion in an elliptical orbit, in which the companion is in one of the focal points 
of the ellipse. For that to be held, Kepler’s laws of motions is being used with the 
equation [24]:  
𝑟 =  
𝑎(1 − 𝑒2)









where r is the distance between the two stars in the system, a is the semi-major 
axis of the orbit’s ellipse, e is its eccentricity, and 𝜃 represents the angle the primary 
star is at, measured contraclockwise from periastron. 
 The periastron is the location in which the stars are closest to one another, and 
this location represents orbital phase zero. On the other hand, the apastron is the 
location in which the stars are farthest from one another. The apastron is represented 
by an angel of 180 and an orbital phase of 0.5.  
In addition, an assumption that the semi-major axis is between  0.35 AU and 
0.56 AU has been made [25], with the midpoint of 0.47 AU to be used for the 
calculations (this will not play a major role as it will be cancelled later on). Moreover, 
the more recent assumption that the eccentricity of Cir X-1 system is e= 0.45 has been 
taken into account [26]. By using the assumptions mentioned above and utilizing 
Equations 1, 2, and 3, the Cir X-1 orbital phase at each observational session were 
found. 
To start, the observation time is changed to MJD. Then, the Equations 1 and 2 
are used to find the orbital phase 0 and 0.5 that matched the observational time (the 
observation campaign happened to fall between N=941 and N=943). Then, the orbital 
phase 0 and 0.5 was found for each observed orbit. Then, the orbital day number, D, 
is calculated by subtracting the corresponding Julian day number at orbital phase zero 
from each orbit,  
𝐷 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑑𝑎𝑦 − 𝑡(𝑁) 
After that, to find the orbital phase, , each orbital day is divided by 16.6 (the 



















Furthermore, to find the angle 𝜃 for each orbital phase, Equation 3 is used. 
Different values of 𝜃 has been plugged in to calculate the distance r it represents. Recall 
that the minimum and maximum distance r is represented by phase 0 and 0.5 
respectively. So, to find the orbital phase, each distance is subtracted by the minimum 
distance at phase zero, r0:  
𝓇 = 𝑟 − 𝑟0 
Then that value is divided by twice the distance at phase 0.5 (r0.5),  
𝑟𝑎𝑡𝑖𝑜 =
𝓇
2 ×  𝑟0.5
 
A ratio value is obtained. Then, if 𝜃 was less that 180 this ratio represented the 
orbital phase. However, if 𝜃 was more than 180, this ratio is subtracted by 1 to get the 
orbital phase.  

 𝐶𝑖𝑟 𝑋−1
=  {𝑟𝑎𝑡𝑖𝑜                 𝜃 < 180  
1 − 𝑟𝑎𝑡𝑖𝑜         𝜃 > 180
 
Using that, the orbital phase that corresponds with each theta has been found. 
Then each theta was matched with the orbital phase values. Furthermore, the observed 
sessions were graphed in the orbit of the system in Figure 12. The values and results 







Figure 12: The locations of the neutron star on the orbit at which the system was 
observed in terms of orbital phase during the two observation cycles 
Table 2: Each observation session in MJD and the phase it represents and what angel 








4.2 Radio Flux density 
During the campaign, the radio emission was clearly detected. To better 
understand the variation in the observed radio emission, MIRIAD was used to produce 
images for each session. Then, the values of the flux density measured from each 
image plane was obtained using the IMLIST command. The flux density value 
describes the amount of energy being transmitted through radiation in a given area for 
each unit of frequency. In the radio astronomy, flux density is usually expressed in the 
unit of Jansky (Jy), where:  
1 𝐽𝑦 = 10−26 𝑊𝑚−2𝐻𝑧−1 =  10−23 𝑒𝑟𝑔 𝑠−1 𝑐𝑚−2 𝐻𝑧−1 







Table 3: The flux density and the root mean square error (rms) for every 
observational session at 5.5 and 9 GHz frequency 
 
Table 3 summarizes observed flux density data obtained during the 
observational sessions. A comprehensive radio light curve for Cir X-1 was acquired in 







Figure 13: The flux density curve of the 5.5 and 9 GHz, with error of 3 
For the first orbit, the flare rises up from pre-flare levels of around 0.88 mJy to 
around 8.0 mJy at 5.5 GHz and slightly lower starting from an average of 0.64 mJy to 
around 6.8 mJy at 9 GHz. In these observations, Cir X-1 was relatively stable between 
June 15th and the 26th, 2019, with the gap between the flux densities at 5.5 and 9 GHz 
being very small (except on the flare itself). However, after June 27th, 2019, an increase 
in the gap between the two frequencies was noticed, with an increase in the flux density 
for the pre-flare state. The increase seems more noticeable for the 5.5 GHz frequency. 
A peak in the pre-flare state on June 29th, 2019, was also noticed. For the second flare, 
it did rise up from pre-flare levels of around 1.5 mJy to 7.2 mJy at 5.5 GHz and slightly 
lower with a pre-flare averaging at 0.8 mJy and raising to 4.1 mJy at 9 GHz. 
In order to determine the radio emission variability as a function of Cir X-1 
orbit, the orbital phase measurements were mapped with the flux density data. Figure 










Figure 14: The radio flux density as a function of orbital phase. a) first orbit and b) 
second orbit 
As expected, the compact radio emission appears to turn on around phase 0 and 
fades away later on. There is a noticeable difference in the measured flux variation 






Chapter 5: Discussion 
5.1 Cir X-1 Radio Behaviour as a Function of Time  
Cir X-1 is an unusual source with varying observed characteristics, making it 
hard to classify. It was first discovered by Margon et al. in 1969 as a pulsing x-ray 
source in Circinus constellation [27]. After that, with Kaluzienski et al. observations 
in the mid 70s, there was a clear evidence of a periodic cycle of around 16.6 days with 
Cir X-1 light curve showing flares and dips [28]. With the noticeable flux change, 
there was some evidence and suggestions supporting that Cir X-1 is a binary system 
with a compact object [29]. The nature of the binary system and its compact object 
was under debate for some time until Linares et al. confirmed the compact object as a 
low magnetic field accreting neutron star, due to the detection of type 1 X-ray bursts 
in 2010 [30]. Moreover, in 2013 and with Heinz et al. discovery of natal supernova 
remnant around the system, this made Cir x-1 the youngest confirmed X-ray binary 
system, with a neutron star [17].  
Since Cir X-1 first detection, it has been closely monitored over time. Figure 5 
summarizes how Cir X-1 radio flux density has been changing over time [16]. It has 
originally been observed in a strong radio flaring state in the 70s and 80s, with 
emission reaching Jansky levels [16], which declined later on. With the earlier radio 
telescopes resolution, detections below 100 mJy were not attainable [29]. With the 
improvements in the radio techniques and interferometry, higher resolutions and 
fainter flux densities can be obtained. A return to emissions in Jansky levels in the 







Calvelo et al. radio observations between December 2009 and January 2010 
shows the system with emissions in a historically faint state [15]. However, the latest 
radio observations on the Cir X-1 was done by Armstrong et al. between December 
2011 and January 2012, which showed evidence of a return to a strong radio flaring 
states reaching Jansky levels [16]. No radio observation prior to this research has been 
done since. 
The observations that were obtained, showed radio emission in the system in a 
historically faint state similar to Calvelo et al. observations. With Coriat et al. 
suggestion that Cir X-1 may have a twisted jets with precession over a 5 year period 
[20], and with the 10 year period between the observations made in this research and 
Calvelo et al. observations, it seems like it aligned well. 
5.2 Accretion Rate 
As material transfer from the secondary star fall onto the neutron star, the 
materials’ angular momentum and the tangential speed of the stars’ orbit may cause it 
to form into an accretion disc surrounding the primary star. Here is the investigation 
of whether the variations in the radio flux density have any correlations with the 
variation in the accretion rate. 
To be able to approximate the mass transfer accretion rate, the values for the 
flux density is what should be approached first. Knowing that the flux density is 
expressed in Jansky (Jy), transferring the flux density, Sv, into Spectral Luminosity, 
Lv, that is expressed using:  









Where r is the distance to the star and v represents the frequency. Heinz et al. 
approximation of Cir X-1 distance has been used, which is 9.4 Kpc = 2.9×1020 m [17]. 
With that, spectral luminosity has been found for each frequency and each of the 
observation sessions.   
Then to find the overall luminosity, L, an integrate over all the frequencies has 
been made. The bolometric luminosity, Lbol, is used to calculate the overall luminosity 
of the system.  





Since the obtained luminosities are for the 5.5 and 9 GHz only, it can be simplified 
into: 
𝐿 = |𝐿9 (9 × 10
9) − 𝐿5.5 (5 × 10
9) | 
 
Thus, an approximation for the overall luminosity for each observation session 
has been made.  
The luminosity creates a radiation pressure pointing outward of the star, while 
the gravitational force of the star creates a force that is pointing inward. There is a 
point in which force from the radiation pressure equals to the gravitational force of the 
star. At luminosities greater than that, the outward pressure would exceed the 
gravitational one, this limit is called the Eddington limit [6].  
For systems that are powered with accretion, the Eddington limit also gives a 







been converted into radiation on the star surface, that produces accretion luminosity 
given by:  
𝐿𝑎𝑐𝑐 = 𝜂 ?̇?𝑐
2 
Where, 𝜂 is the efficiency, or how much of that accreting matter in actually 
falling in being converted to radiation, ?̇? is the accretion rate, and c is the speed of 
light. For the accretion luminosity, the values of the bolometric luminosity that has 
been calculated earlier from Equation 12 is used. For the efficiency, the Frank et al. 
approximation of 𝜂 ~ 0.15 for a solar mass neutron star is used [6], as no higher value 
for the efficiency has been found from the literature. Accordingly, the calculation for 
the accretion rate for each of the observational sessions has been made, and the values 







Table 4: The flux F, luminosity L, and accretion rate M*, for each observational 








Figure 15: The accretion rate as verses orbital phase 
During the first orbital rotation, the accretion rate, as shown in Figure 15, 
displays a huge increase at the periastron (when the stars are closest to one another) or 
around phase zero. There is not a noticeable increase at periastron during the second 
passage, that is probably due to the fact that these observational sessions missed the 
peak. During the first periastron passage, it was caught it at an orbital phase of 0.01, 
while on the second orbit the closes observation to the periastron was conducted at 
orbital phase 0.06. When comparing the angles and locations from Figure 12, it shows 
that the system was much closer to the orbital phase 0.08 observation done in the first 
orbit than any other, and when comparing the values, it is noticed that the accretion 
rate has already dropped by the orbital phase 0.08 from the first rotation. Hence, a 
conclusion that the detection of the increase in the accretion rate during the second 
orbit has been missed. Thereby, the accretion rate at the point at which the radio 






 It started with a pre-flare accretion levels being around 4.08 x 108 g/s (when 
excluding any the beginning of an increase). Then, at the first periastron passage the 
accretion rate reached a maximum of 1.4 x1010 g/s. Overall. The minimum accretion 
rate calculated was around 1.5 x 108 g/s, and when compared with the maximum 
detected, an increase by a factor of 100 was seen.  
As expected, with the first passage of periastron an increase in the accretion 
rate has been seen. However, unlike what has been originally expected, there is a subtle 
increase in the accretion rate at the apastron, or phase 0.5, at all its passages (0.5, 1.5, 
2.5). Moreover, that subtle increase lasts a longer period than that of periastron. That 
does align with Kepler’s law that indicates that the stars spend a longer time being 
farther away than when they are closer to one another. 
5.2.1 Comparison with X-ray Results 
When studying the accretion rate for Cir X-1 in the radio frequency, it is 
important to take into account the previous work that has been done in the X-ray band. 
Since the accretion disc is more commonly studied in X-rays, a comparison of X-ray 
studies with this research can provide meaningful insights.  
With data taken during 1998, Iaria et al. study indicated a high accretion rate  
reaching 3×1018 g/s which they estimated it to be 3 ?̇?edd [31]. Moreover, with a 
periodic study of the X-ray behavior or the system Clarkson et al. suggests that the 
system accretion rate approaches ~3 ?̇?edd near phase zero and drop into steady 
accretion rate of about ~0.7  ?̇?edd at others [32].  
When comparing the results found in this research to those obtained previously 






During the observation campaign made in this research, the system was found to be in 
a faint,  quiescent state, and the previous estimate of accretion rate were made during 
a high activity period, with luminosities from Iaria et al. reaching 1.4 × 1038 erg/s [31]. 
Therefore, a better comparison will be comparing Cir X-1 now with a low quiescent 
state neutron star. A study of a low quiescent X-ray luminosity of a neutron star 
transient (XTE J2123–058) indicated a bolometric luminosity of  1.4 × 1032  erg/s [33]. 
Although this value is still higher than the luminosity values calculated in this research, 
the x-ray values tend to be higher than that of radio and overall this results shows that 
luminosity values calculated here, that was used later to calculate the accretion rate, 
are within the acceptable range with the system being in a historically faint sate.  
Further work need to be done to compare the accretion rates of Cir X-1 using 
X-ray and radio detections during the same observational time. Furthermore, it is 
important to note Figure 5 and the fact that the radio and x-ray emission intensity for 
Cir X-1 has not always aligned. The system shows an anti-correlation between the x-
ray intensities and the radio flux densities during some of its time [16].  
5.3 Jet Formation   
With Cir X-1 being in a historically faint state, ATCA resolution could not 
resolve its jets. However, the hints of the jet formation can be pointed out from the 
variation in the accretion rate seen in the system. With the noticeable increase in the 
flux density caused by the flares accompanied by the increase in the accretion rate 
occurring at the periastron, the assumption that the jet formation may be triggered by 







Chapter 6: Conclusion 
Cir X-1 is quite an unusual system, with its characteristics varying throughout 
time. The results of an intensive radio observational campaign on this Neutron Star X-
ray binary system, Cir X-1, using ATCA has been presented. The observations were 
conducted at 5.5 and 9 GHz and spanned two consecutive orbital cycles, 16.6 days 
each, of the system. The change in the flux density that the system shows throughout 
its cycle has been monitored with the goal of analyzing how the accretion rate varies 
as a function of orbital phase and whether it has a correlation with the radio emission.  
An expectation to observe a relativistic jet being produced as the accretion rate 
varied was made. However, the jet activates were not resolved throughout 
observational sessions made in this research. The observations showed the system in 
a historically faint state similar to that seen 10 years prior.  
The system has been successfully monitored over two of its orbits and could 
detect the rise and fall of two of the flares. The calculation of the change in the 
accretion rate the system has throughout the orbit has been made and there was an 
indication of a correlation between the change in accretion rate and the radio 
brightening. There was a noticeable increase in the accretion rate during the first 
passage of periastron, however the detecting such peak during the second passage has 
been missed. Subsequently, a conclusion that peak in the accretion rate occur near 
periastron before phase 0.06 has been made. Moreover, contrary to what was originally 







The results for the accretion rate of Cir X-1 obtained were much lower than the 
results from the X-ray values detections during the late 90s. However, when comparing 
the luminosities values obtained to that of a low quiescent neutron star, the values were 
within acceptable range.  
Further confirmation of inferences obtained from this thesis could have been 
attained by continuous monitoring of the system over multiple orbits with multiple 
modes of observations, while taking into account the X-ray emission detected over the 
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